Abstract: Gravel deposits are materials that contain large particles. The mechanical behavior of such materials is conventionally examined using large-scale tests such as large-scale triaxial and in situ shear tests. However, the large-scale tests may not fully represent the gravel deposits in the field or cannot obtain the deformation parameters. This study estimated the elastic and shear-strength properties of gravel deposits using nonconventional methods. Field investigations at various locations were performed to obtain the material factors, including the gravel content, the diameter in the grain size distribution curve that corresponded to 50% finer (D 50 ), the unconfined compressive strength of the gravel, and the penetration strength of the matrix. Seismic-wave testing was conducted to obtain the elastic parameters at each location. Around each location, the critical slope profiles with greatest gradients or heights were back-calculated to obtain c-phi curves, of which the envelope represents the shear strength of the gravel deposit. The mechanical properties of the gravel deposits were correlated with the four material factors and P-wave velocity using regression analysis. The Young's modulus was correlated with the P-wave velocity, the unconfined compressive strength of the gravel, and the penetration strength of the matrix. The cohesion of a gravel deposit was correlated with the penetration strength of the matrix. The Poisson's ratio and the friction angle were correlated with the four material factors. The results were successfully tested using data on two gravel deposits at other locations. For the gravel deposits in central Taiwan, the unconfined compressive strength of the gravel and the penetration strength of the matrix significantly affect the elastic properties, and the penetration strength of the matrix controls the shear-strength properties. Although the proposed regression models serve as a preliminary evaluation of the elastic and shear-strength properties of the gravel deposits in central Taiwan, these nonconventional concepts are applicable to gravel deposits elsewhere.
Introduction
Gravel deposits in central Taiwan have high gravel contents, and the matrix has low cementation. The term gravel used in this study includes gravel, cobble, and boulders, representing particles coarser than 4.75 mm, and the term matrix represents those particles finer than 4.75 mm. Gravel deposits are great sources for construction aggregate. The excavation and construction in gravel deposits need to evaluate their mechanical properties. Standard penetration test in the gravel deposits of Taiwan commonly obtains N values larger than 100. Engineers realize that the very high N values, which are caused by unpenetrable hard gravels and cobbles, do not necessarily reflect the shear strength of gravel deposits. Without in situ tests, the gravel deposits are typically assumed as nil cohesion and having friction angles between 32°and 35°in the engineering practice of Taiwan. In most cases, these assumption underestimates the shear strength of a gravel deposit. The mechanical properties of gravel deposits are necessary for quarry design, which ensures stability of excavated slopes. Overconservative estimations of the shear strength of gravel deposits result in design of gentler excavated slopes and lead to lower profit in quarries.
Gravel deposits are a composite material, consisting of hard gravels and cobbles with soils filled in between. Vallejo (2001) studied the mixtures of glass beads of two different sizes. He noted that if the percentage by weight of the large beads was greater than 70%, the shear strength of the mixtures was controlled by the large beads. If the percentage by weight of the large beads was less than 40%, the shear strength of the mixtures was controlled by the small beads. Vallejo and Lobo-Guerrero (2005) noted that for meaningful test results, the ratio of specimen size to the maximum particle size must be greater than 6. For large particles, the main methods to examine the mechanical properties of gravel deposits are largescale triaxial tests and in situ direct shear tests. The gravels or cobbles in gravel deposits hamper conventional mechanical tests. Chu et al. (2010) conducted large-scale triaxial tests using specimens with diameters of 30.5 cm and heights of 61 cm. Despite the large specimens to accommodate large gravels, the largest particles (5.1 cm) remained much smaller than the largest particles observed in the field. Moreover, the specimens were remolded and might not reflect real gravel deposits in the field.
In situ large-scale tests, of which specimens can accommodate large particles in the field, have been used to evaluate strength parameters. The specimens may be remolded (Xu et al. 2011) or undisturbed (Chang et al. 1996; Xu et al. 2007; Coli et al. 2011) . These tests show that the composite materials exhibit low cohesion and high friction angles, which may result partly from the low stress levels in the tests. Furthermore, the in situ tests are expensive and time-consuming, and cannot evaluate the deformation behavior of the gravel deposits. Asghari and Yasrebi (2004) applied plate load tests along the edge of the trench to estimate the cohesion of cemented alluvium with the friction angle obtained from laboratory direct shear tests on remolded specimens. The alluvium had large particles in the sizes of merely a few centimeters. Shaorui et al. (2014) used experimental and numerical methods to study the shear strength of soil-rock mixtures.
The elastic modulus, which is another important mechanical parameter of gravel deposits, cannot be obtained from in situ shear tests. Lin et al. (1998) conducted plate load tests on a gravel deposit to obtain the modulus of subgrade reaction, which is related to the Young's modulus, Poisson's ratio, and size of the plate. The Young's modulus and Poisson's ratio cannot be explicitly obtained. Vallejo and Lobo-Guerrero (2005) estimated the elastic moduli of a clay-sand mixture using the theoretical relationships derived by Hashin (1955) , where the elastic moduli of the matrix and the volumetric ratio of dispersed large particles to the composite were required. Their results were compared to the elastic moduli measured using an ultrasonic velocity apparatus. However, the theoretical relationships were not applicable to the present study because no contact among the large rigid particles was assumed. Shahien and Farouk (2013) studied gravelly soils and developed a correlation between the blow count of the dynamic cone penetration test and the deformation modulus, which is estimated from the footing load test. Hardin and Drnevich (1972) proposed an empirical relationship to estimate the shear modulus at small strain (G max ) for undisturbed cohesive or sandy soils. G max is related to the void ratio, overconsolidation ratio, and mean effective stress. Seismic geophysical testing is widely used to evaluate the elastic properties at small strain of soils and rocks. Wichtmann and Triantafyllidis (2010) examined quartz sand of various grain size distributions and noted that the mean grain size corresponding to 50% finer (D 50 ) did not affect the P-wave velocity, elastic modulus, or Poisson's ratio. Furthermore, the P-wave velocity has been correlated with rock properties such as the static Young's modulus, Poisson's ratio, unconfined compressive strength, density, Schmidt hammer rebound number, etc. (Karakus et al. 2005; Ceryan et al. 2013; Khandelwal 2013) .
Previous studies on gravel deposits or similar composite geomaterials focused more on the shear-strength behavior than the deformation behavior because in situ direct shear tests cannot obtain a uniform strain of specimens to estimate the deformation modulus. Because of the difficulty evaluating the mechanical properties of gravel deposits, this study develops nonconventional methods to evaluate their shear strength and elastic properties. The material factors that affect the mechanical properties of gravel deposits are considered to include the unconfined compressive strength of the gravel (q G ), the penetration strength of the matrix (P M ), the diameter of the grain size distribution curve that corresponds to 50% finer (D 50 ), and the gravel content (C G ). The material factors and elastic wave velocities are investigated on the outcrops of slopes. In addition, topographic characteristics such as the slope gradient and height are related to the shear strength of a slope material (Chang and Cheng 2014) . Digital elevation model (DEM) data and geographic information system (GIS) techniques are used to obtain the slope profiles around the investigated sites. The slopes with critical topography are back-calculated with the safety factor of unity to obtain the cohesion and friction angles for the slope material. The cohesion of a gravel deposit is correlated to the penetration strength of the matrix, and the friction angle of the gravel deposit is estimated using the envelope of the curves of cohesion and the friction angles. Finally, for a gravel deposit, the cohesion, friction angle, Young's modulus, and Poisson's ratio are correlated with the material factors and P-wave velocity, which are readily obtained in the field (Fig. 1 ).
Methods

Study Areas and the Material Factors
The investigated gravel deposits are located over a wide region and classified into three categories: (1) lateritic tablelands of Dadu and Bagua; (2) river terraces of Sinshe, Sinshan, and Bishih; and (3) the Toukoshan Formation of Dakeng, Sanyi, and Jioujioufong (Fig. 2) . The gravel deposits are characterized with four material factors: gravel content (C G ), diameter of the grain size distribution curve that corresponds to 50% finer (D 50 ), unconfined compressive strength of the gravel (q G ), and penetration strength of the matrix (P M ). The gravel content and grain size D 50 were obtained from digital image processing (Chang and Cheng 2014) . The image analysis can effectively detect particle sizes larger than a couple of millimeters, and the grain size D 50 and gravel content can be approximately captured. The unconfined compressive strength of the gravel was measured using the Schmidt test hammer produced by Matest (Italy). The penetration strength of the matrix was measured by using a soil hardness tester produced by Fujiwara Scientific (Japan).
The data on the four material factors were readily measured in the field, and a mass of data could be obtained. At each site, at least five measured data points were collected for each kind of test. The data obtained from nearby sites were grouped together and averaged to represent the data on a location. Fifteen groups of data were (Fig. 2) , where the data on Bagua_2 and Dadu_5 were used to test the regression models. Some investigated sites in Chang and Cheng (2014) that were dangerous because of traffic or had been treated by engineering works were not suited for seismic-wave testing. The number of sites with seismic-wave testing and the corresponding data of material factors was reduced from 28 to 22. Therefore, the gravel content and particle size D 50 are slightly different from the study in Chang and Cheng (2014) (Table 1 ). Fig. 3 shows the photograph of the gravel deposit at Dakeng_1. The gravel contents of 13 locations range from 75 to 90% in the two-dimensional analyses, and the largest particle is close to 30 cm.
Elastic Properties
Velocities of P-Waves and Surface Waves
In this study, seismic-wave testing is used to obtain the dynamic elastic modulus and Poisson's ratio of the gravel deposits. The modulus obtained from elastic wave methods is named "dynamic," and that obtained from static methods such as compression test is named "static." The dynamic elastic modulus reflects the modulus of materials at low strain levels, which typically have shear strains less than 3 × 10 −4 % (Kramer 1996) , whereas the static elastic modulus reflects the modulus of materials at higher strain levels. Therefore, the dynamic elastic modulus is generally larger than the static elastic modulus. Luo and Bungey (1996) measured the velocities of P-waves and surface waves of concrete using an ultrasonic pulse method. When a P-wave transducer is applied on the surface of a solid, the generated waves are mainly P-waves, S-waves, and surface (Rayleigh) waves. The S-waves signals are weak. In comparison, the first arrivals of P-waves and R-waves are easier to determine. The relationships between the elastic parameters and the velocities of P-waves and R-waves are as follows:
where E d and ν = elastic parameters; V P and V R = velocities of P-waves and R-waves, respectively; and ρ = density of a solid. In addition, Eq. (3) is derived from Eqs.
(1) and (2). Therefore, if V P and V R are known, ν and E d can be determined using Eqs. (3) and (1)
Fig . 4 shows the received waveform and characteristic points. Luo and Bungey (1996) proposed that Point 1 was the first arrival of P-waves with the greatest velocity and lower amplitude. Point 2 is the first arrival of R-waves with lower velocity and higher amplitude. Hence, Points 1 and 2 determine the velocities of P-waves and R-waves, respectively. 
Seismic-Wave Testing
The layout of the in situ seismic-wave testing is shown in Fig. 5 . The hammer and accelerometer as a receiver are connected to an oscilloscope (Pico Technology, U.S.), which is connected to a laptop to save the data. The distance between the impact source and the receiver is 1.5 m. A longer distance causes weaker received signals because of the limited impact energy. However, a short distance makes the P-wave velocity become greatly affected by the selection of the P-wave's first arrival. The applied impact and receiver are perpendicular to the slope faces. The positions of the impact source and the receiver may be on a cobble or matrix. For each position of the impact source and receiver, seismic-wave testing is conducted three times to check the consistency of the P-waves' velocity. Table 2 shows that the coefficient of variation is the smallest when the hammer impact and receiver are both placed on cobbles. Therefore, all seismic tests are conducted accordingly. At each site, at least five points are selected for the seismic-wave testing to collect data. Fig. 6 shows examples of the signals of the hammer impact and the receiver. The slow increase in amplitude of Fig. 6 (b) may be attributed to the loose contact between the matrix and the cobble on which the receiver is placed. The signals in Fig. 6 (b) are encountered less frequently than those in Fig. 6(a) . The R-wave velocity is Fig. 6(b) are the possible first arrivals of the R-waves. If Point a is selected, a great value for R-wave velocity is obtained, which results in an unreasonably low ratio of V P to V R ; the ratio of V P to V R has a minimum value of 1.63 [Eq. (3)], which serves as a constraint to help in selecting the first arrival of R-waves.
Shear-Strength Properties c-phi Envelope
For a slope material, the factors of safety for the slopes with small gradients and heights are much greater than unity, whereas those for the slopes with greatest gradients and heights approach unity. With 5 × 5 m DEM data, GIS techniques are used to obtain the slope profiles around the investigated sites. For each location, at least five slope profiles with critical gradients or heights are selected to back-calculate the shear-strength parameters (Fig. 7) . The backcalculation utilizes the two-dimensional finite element software Plaxis 2D, the advantage of which is that the user does not need to define the failure surfaces in advance. The most applicable failure surface is shown automatically in the analysis. The stress-strain relationship is defined using the Mohr-Coulomb model, and the factor of safety is obtained using the phi-c reduction method. The fixed parameters are the unit weight of 23 kN=m 3 (Chang et al. 1996 ), Young's modulus of 700 MPa, and Poisson's ratio of 0.3. The Young's modulus and Poisson's ratio values are approximately the averages of those in Table 3 . However, the elastic parameters as Young's modulus and Poisson's ratio have little effects on the phi-c reduction calculation results (Griffiths and Marques 2007) . The cohesion and friction angle are backcalculated using the factor of safety of unity. In the numerical model, the bottom boundary is fixed, and the side boundaries are horizontally restrained and merely allowed to displace vertically (Fig. 8) .
For a slope profile, a number of combinations of the cohesion and friction angle can yield a factor of safety of unity. Fig. 9 shows six c-phi curves that were back-calculated from six critical slope profiles with various slope heights and gradients. The envelope of the c-phi curves represents the shear strength of the slope material. For a homogeneous slope, smaller cohesion yields a slip surface at a shallow position, whereas greater cohesion yields a slip surface at a deep position. Observations on the slope failure of the gravel deposits show shallow slides in common (Shou 2000) , which implies that the gravel deposits have low cohesion and high friction angles.
Estimation for the Cohesion of Gravel Deposits
If a large-scale direct shear test is conducted as Fig. 10 without a normal force (N ¼ 0), the equilibrium between the shear force and the resistance is as shown in Eq. (4)
where T = shear force; C M = cohesion of the matrix; A 0 = area of the wavy shear plane XX; a G = contact area among gravels along the plane XX; and F = frictional resistance among the particles of gravels or matrix. The cohesion of the gravel deposit (C d ) may be approximated as the cohesion of its matrix as shown in Eq. (5)
where the area of the wavy shear plane A 0 may be approximated as the cross-sectional area A; (a G =A) is negligible; and the frictional resistance F is neglected due to small contact normal forces among particles. Thus, the cohesion of a gravel deposit mainly originates from the cohesion of its matrix.
According to the Unified classification system, the matrix of the study areas is classified as in Table 1 . Most types of matrix have fines between 5 and 12% with no or little plasticity. The in situ matrix classified as SP-SM, which is poorly graded sand with silt, is used for laboratory direct shear tests to estimate the cohesion of the matrix corresponding to various soil hardness levels. The specimens for direct shear tests are controlled with water content of 4%, which is the average water content of the in situ matrix. The specimens are compacted to various hardness levels with various compaction energies, and the penetration strength is measured. For specimens with certain penetration strength, the direct shear tests are conducted with normal stresses as 50, 100, and 200 kPa. The cohesion and friction angles of the matrix with respect to various penetration strengths are obtained (Fig. 11) . Table 3 shows the seismic-wave testing results. The P-wave velocity ranges from 328 to 844 m=s, the dynamic Young's modulus ranges from 186 to 1,096 MPa, and the Poisson's ratio ranges from 0.24 to 0.4. A regression analysis of the data shows that the P-wave velocity is most related to the penetration strength of the matrix and the unconfined compressive strength of the gravel (Table 4 ). In addition, the regression analysis shows that among the four material factors, the unconfined compressive strength of the gravel and penetration strength of the matrix have more effects on the Young's modulus (Table 5 ). Using two material factors and an additional factor P-wave velocity, a regression model with a coefficient of determination of 0.95 can be established to estimate the Young's modulus of a gravel deposit [Eq. (6), Table 6 ]. Among the three factors, the P-wave velocity is the most important factor that affects Young's modulus. In addition, the Poisson's ratio is mainly affected by the unconfined compressive strength of the gravel and penetration strength of the matrix (Table 7) . Eq. (7) with a coefficient of determination of 0.75 can be used to estimate the Poisson's ratio of a gravel deposit as follows: The field-investigated data of Dadu_5 and Bagua_2 are used to test the regression models. The Young's modulus is estimated in terms of the P-wave velocity, the unconfined compressive strength of the gravel, and the penetration strength of the matrix. The Poisson's ratio is estimated in terms of four material factors. Tables 8  and 9 show that the Young's modulus can be well estimated and the Poisson's ratio can be estimated with relatively lower accuracy.
Results
Elastic Modulus and Poisson's Ratio
E ¼ 1.53V P þ 8.88q G − 21.69P M − 821.29ð6Þν ¼ −0.0035q G þ 0.012P M þ 0.0028D 50 − 0.0034C G þ 0.672ð7Þ
Shear-Strength Parameters
The c-phi envelopes of 13 locations are shown in Fig. 12 and used to estimate the friction angle of each location. If a curve is located further up to the right in the figure, the gravel deposit has higher shear strength. With the cohesion of the gravel deposits, which is determined according to the penetration strength of the matrix [ Fig. 11(a) ], the friction angles of the gravel deposits are estimated as shown in Table 10 . The multiple regression analysis on the friction angles of the gravel deposits and their corresponding material factors is shown in Table 11 . Eq. (8), with a coefficient of determination of 0.81, can be used to estimate the friction angle of a gravel deposit. The penetration strength of the matrix is shown to control the friction angle of the gravel deposit
For Bagua_2 and Dadu_5, when the penetration strength of the matrix is 2.01 and 1.65 MPa (Table 8) , the estimated cohesion of the gravel deposits is 31.1 and 26.9 kPa, respectively [ Fig. 11(a) ]. From Eq. (8), the estimated friction angles of the gravel deposits at Bagua_2 and Dadu_5 are 39.6°and 33.3°. Chang et al. (1996) 
Discussion
Elastic Properties
The arrival of P-waves is easily detectable. The simple method proposed by Luo and Bungey (1996) to peak the arrival of R-waves may not be as accurate and may induce errors in the elasticparameter estimation. Nevertheless, the Young's modulus and Poisson's ratio of each location (Table 3) are the average values of many tests and should be close to the correct values. Without the determination of the first arrival of R-waves, Eq. (6) can be used to estimate the Young's modulus with the P-wave velocity and the two material factors. The investigated Poisson's ratio ranges from 0.24 to 0.4 with an average of 0.31. The Poisson's ratio varies in a relatively smaller range than the Young's modulus.
It is well known that the modulus of elasticity depends on both the material and the stress level to which it is subjected. A higher stress level corresponds to a higher modulus of elasticity. The Young's modulus values (Table 3) obtained from seismic-wave testing reflect the low stress levels of gravel deposits near the slope surfaces. Although the empirical relationship proposed by Hardin and Drnevich (1972) is appropriate for undisturbed cohesive soils and sandy soils instead of gravels, it suggests that the dynamic Young's modulus of Sanyi_1 corresponds to an effective mean stress of approximately 14 kPa for a dynamic Young's modulus of 204.5 MPa, Poisson's ratio of 0.34, void ratio of 0.2, and OCR of unity. The low stress level perhaps represents the gravel deposit within a depth of 1 m. The dynamic Young's modulus becomes greater as the investigated gravel deposit becomes deeper. Lin et al. (2000) mentioned that the ratio of shear modulus to smallstrain shear modulus (G=G max ) at shear strain (γ) of 0.1% is 0.46 for gravelly soils. Moreover, confining pressure and maximum gravel size have little effect on the relationship of G=G max and γ.
Therefore, for a certain stress level, the static Young's modulus of a gravel deposit may be approximated to be half of the measured dynamic Young's modulus.
Shear-Strength Properties
For a small cohesion value, the back-calculated friction angle is sensitive to the gradients of a slope profile. A local steep part in a slope profile renders a high friction angle with low cohesion. Because gravel deposits are generally considered materials with low cohesion and high friction angles, the DEM data that can reveal the actual local steep profiles are notably important. Otherwise, the friction angles of gravel deposits are underestimated. The adopted DEM data with a resolution of 5 m may smooth the local steep portions. The DEM data with higher resolution will result in higher friction angles in the back analysis. In general, there may be a groundwater table in a slope if there is an impermeable layer that retains water. Gravel deposits have high permeability, and no groundwater is observed in borehole drilling Fig. 9 . Envelope of six c-phi curves, which represents the shear strength of Dakeng_1; the slope gradient of a slope profile is an average value Fig. 10 . In situ direct shear test without normal force; the particles represent gravels and the matrix fills the gaps between the gravels Fig. 8 . Back analysis of the cohesion and friction angle of a slope with critical topography using the finite element method; the legend shows the incremental displacements of the last calculation step and investigated outcrops. Therefore, the groundwater table is not considered in the back-analysis of the shear-strength parameters. Moreover, the failure mode of gravel deposits belongs to a shallow failure on steep slopes. The rain-induced slope failure of the gravel deposits is attributed to the matrix weakening, which is caused by an increase in water content. In addition, the matrix weakening may be partly attributed to the decrease in matric suction with the increase in water content.
As shown in Fig. 12 , the cohesion and friction angles at the lower right part correspond to low stress levels, whereas those at the upper left part correspond to high stress levels. The estimation Note: E 0 and ν 0 are obtained from the seismic-wave testing, and E and ν are obtained from the regression models of Eqs. (6) and (7). Fig. 12 . C-phi envelopes of different locations of a friction angle is notably sensitive to the cohesion value at low stress levels. A slightly smaller cohesion value results in a much larger estimated friction angle. For Dadu_2, a decrease in cohesion from 26.3 kPa to 15 kPa yields an increase in friction angle from 24.3°to 35°. Furthermore, the slope profiles in the back calculation may have safety factors that are slightly greater than unity. In particular, the friction angles of Dadu_1, Dadu_2, and Dadu_3 (Table 10) are underestimated compared to the friction angles of the matrix, which are greater than 35° (Fig. 11(b) ). A previous study (Chang and Cheng 2014) and this study both estimate the shear-strength parameters based on critical topographic profiles. The two studies obtain similar shear strengths. However, the previous study more or less yields a lower cohesion value and a higher friction angle for a gravel deposit than this study, using a strength parameter defined by a non-linear failure criterion with zero tensile strength (Baker 2004) . When the tensile strength is ignored, the cohesion may be underestimated; thus, the friction angles of gravel deposits are overestimated particularly for those with higher penetration strength of matrix.
Representing the cohesion of a gravel deposit by the cohesion of its matrix is a simplified approximation, and the shear-strength parameters obtained according to the envelope of c-phi curves may be underestimated. The shear-strength parameters obtained from the derived correlations may not be as accurate as those from large-scale tests. However, the low stress levels in large-scale in situ shear tests may additionally yield less cohesion and higher friction angles, which results in overestimated shear strength at high stress levels and unconservative design. The conservative evaluation of the shear strength using the economic method is acceptable in engineering practice and useful in preliminary analysis.
The investigated gravel deposits in central Taiwan have similar grain size distribution curves with the gravel contents and the gravel sizes D 50 , which range from 74% to 91% and from 19 mm to 61 mm, respectively. The two material factors have minor effects on the mechanical properties such as Young's modulus, Poisson's ratio, cohesion, and the friction angle. The penetration strength of the matrix and the unconfined compressive strength of the gravel show relatively larger effects on the mechanical properties. In particular, the cohesion and friction angle are mainly controlled by the penetration strength of the matrix. In addition, the P-wave velocity is the most important factor to estimate the Young's modulus. For gravel deposits, the shear strength is not correlated with Young's modulus. In other words, greater shear strength does not correspond to greater Young's modulus. Among the four material factors, Young's modulus is most affected by the unconfined compressive strength of gravel, whereas the shear strength is most affected by the penetration strength of matrix. The failure of gravel deposits would be along the matrix without breaking the gravels because of the remarkable strength difference between matrix and gravel; thus, the results are reasonable. The Hoek-Brown failure criterion (Hoek et al. 2002) also considers the unconfined compressive strength of intact rock as a factor to estimate the Young's modulus of the rock mass when the unconfined compressive strength of intact rock is less than 100 MPa. Gravels are analogous to intact rock in the rock mass, and the unconfined compressive strength of gravels is less than 100 MPa.
Conclusions
The investigated gravel deposits are located over a wide region and contain both large particles (gravels and cobbles) and matrix (sands and fines). The gravel deposits are characterized with four material factors: the gravel content, the diameter in the grain size distribution curve that corresponds to 50% finer (D 50 ), the unconfined compressive strength of the gravel, and the penetration strength of the matrix. Seismic-wave testing and critical slope profiles can be used to investigate the elastic properties and shear-strength properties. The mechanical properties of gravel deposits were successfully correlated with the four material factors and P-wave velocity. With the regression analysis, Young's modulus is correlated with the P-wave velocity, the unconfined compressive strength of the gravel, and the penetration strength of the matrix. The cohesion of a gravel deposit is correlated with the penetration strength of the matrix. The Poisson's ratio and friction angle of a gravel deposit are correlated with the four material factors.
The investigated gravel deposits have similar grain size distribution curves. Therefore, among the four material factors, the gravel content and the grain size D 50 have less influence on the mechanical properties of the gravel deposits. The unconfined compressive strength of the gravel and the penetration strength of the matrix show relatively more effects on Young's modulus and Poisson's ratio. In addition, the penetration strength of matrix most affects the cohesion and friction angle of the gravel deposits. With the P-wave velocity and four material factors, we can reasonably estimate the mechanical parameters of a gravel deposit using the developed relationships or regression models. Unlike the conventional methods, the study provides an economic approach to evaluate the mechanical properties of gravel deposits in central Taiwan for preliminary analysis. Furthermore, the important material factors that significantly affect the shear strength and elastic behavior are clarified. 
